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Abstract 
This paper addresses an integrated approach for finding the optimal scheduling and operation of a pumped-hydro system          
with a wind farm. The approach is characterized not only by modeling the technical operating constraints of the coordinated 
system, but also for lessening the variations on the active power output coming from the intermittence  variability of the wind 
energy resource. Profitability of a pumped-hydro system tends to take place when generators operate at high prices and pump at 
low prices in order to capture this tendency an optimization problem should be considered. This paper presents a mixed-integer 
linear optimization-based approach to maximize profit, allowing profitable participation of a pumped-hydro system with a wind 
farm in a day-ahead market. Numerical results based on a case study are presented to prove the effectiveness of the proposed 
approach. Finally, conclusions are drawn.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Renewable energies are declared by policy makers as one of the pillars to combat climate change. Different 
incentive schemes are applied resulting in a significant growth of renewable energies. For instance, European Union 
aims at increasing the use of renewable energy between 14-17% at end of the 2sd and 26-34% at end of the 3td 
decades [1] relative to the value at the end of the 1st decade of the 21st century. The large-scale integration of wind 
power in a wind power system introduces new operational challenges on operating security and stability due to the 
inherent uncertainty on the intermittence and variability in wind energy. This means that wind power dispatchability 
is a very challenging task, namely when the control and management of the active power output is required [2]. 
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Several short-term wind power forecasting methods have been proposed to accommodate the impact of wind 
power variability in order to attain optimal management of the system. However, these forecasting methods          
still cannot provide fully accurate results for wind power due to innumerous exogenous factors that are still          
not completely modeled. The exogenous factors are related, for instances, with the orography, temperature,   
humidity and data quality. Eventually, the incorrection on the generation forecasts can lead a wind generation 
companies that act in a competitive electricity market to be subjected to monetary penalties due to a significative 
deviation from their offers [3]. An effective way to minimize the deviation losses is to combine a wind farm with 
conventional generating units, namely thermal and pumped-hydro systems. Examples of such combinations can be 
found in [2–4]. In [2], the daily planning for wind farm with pumped-hydro system is developed. In [3], a 
comprehensive study about the economic benefits of this kind of combination is analyzed in the electricity market 
environment. In [4], the dynamic programming (DP) is used for the coordinated economic dispatch of wind and 
thermal units in isolated power systems. In [5], the DP is also proposed for daily planning of coordinated operation 
of wind farm and generic energy storage. In [6], the effect of high wind power integration on the operation of hydro 
systems is examined. In this paper, the main contribution is to address an effective computational tool based on 
mixed-integer linear programming (MILP) to find the optimal scheduling for the operation of a single entity having 
to manage a pumped-hydro system and a wind farm, so as to maximize the profit in the day-ahead market. 
 
Nomenclature 
t  Index of periods in the time horizon 
T   Total number of periods in the time horizon 
da
t  Forecasted energy price during the period t  
hydro  Efficiency of the turbine 
pump  Efficiency of the pump 
pump
tc  Operation cost of the pumping unit during the period t 
tE  Energy stored in the upper reservoir at end of period t 
maxE  Maximum energy stored in the upper reservoir 
minE  Minimum energy stored in the upper reservoir 
da
tp   Power output injected into the grid during the period t 
hydro
tp  Discharge power output of the pumped-hydro system during the period t 
hydrop max  Maximum generation power  
hydrop min  Minimum generation power  
pump
tp   Pumping power input of the pumped-hydro system during the period t 
pumpp max  Maximum pumping power 
pumpp min  Minimum pumping power 
W
tp   Power output of the wind farm during the period t 
Wp max  Maximum installed power of the wind farm  
Wp min  Minimum power of the wind farm  
tx   Binary variable that indicates whether the pumped-hydro system is pumping or discharging during the 
period t 
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2. Problem Formulation 
The addressed MILP approach is for the day-ahead operation planning of a wind-pumped-hydro power system in 
an electricity market and allows accessing the economic viability of the of system. The approach considers the 
operation planning on an hourly basis, but if not is a simple mathematical model adaptation should be done. Also, 
the wind power data availability is considered on an hourly basis. For each hour, an offer of power production in the 
day-ahead market is made based on the assumption that the energy price is derived from a forecast. The operation 
planning comprises at each hour the amount of: power output that should be offer; wind power; hydro power; and 
pumping power. The wind-hydro power system configuration considered for the optimal operation planning of a 
single entity managing a wind farm and a pumped-hydro system is shown in Fig. 1.  
 
 
Fig. 1. Wind-hydro power system. 
 
In Fig. 1, the lower reservoir has the function of storing the water at the reference level, while the upper reservoir 
stores the water at a high level, i.e., stores hydro energy to be converted during the discharge by the hydro turbine 
into electric energy. 
2.1. Objective Function 
The problem to be formulated is the wind-pumped-hydro coordination one, aiming at maximizing the profit over 
the time horizon by scheduling the production of company to be bided in a day-ahead market. The objective 
function considering that the wind-pumped-hydro system cannot exert power market is stated as follows: 

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In (1), t stands for the hour index and T stands for the time horizon, dat  is the forecasted energy price in the       
day-ahead market, datp  is the power output injected into the grid, 
pump
tc  is the cost of the pumping operation; and 
pump
tp  is the power consumed by the pump operation. The objective function in (1) is the profit, i.e., difference 
between the revenue of selling the energy in the day-ahead market and the cost of pumping. So, this objective 
function only allows pumping operation when the pumping delivers a greater profit than only the selling energy.   
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2.2. Constraints  
The objective function is subject to a set of modeling and operational constraints stated as follows: 
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In (2), the power output injected into the grid in each hour t is composed by three terms: (i) the amount of the 
available wind power producer, Wtp ; (ii) the amount of the hydro power generated that is delivered to the grid, 
hydro
tp ; and (iii) the amount of the power consumed by the pump operation of the plant. In (3), the power output 
injected into the grid is limited by the lower and upper capacities of the hydro and of the wind power system. In (4), 
the wind power of the wind farm must be within operating limits. In (5) and (6), the limits on the hydro and pump 
power are set, using a 0/1 variable, tx , to avoid enabling at the same time both pumping and hydro operation modes. 
In (7), the maximum value of hydrotp  depends on two main physical limits: (i) the available energy in the reservoir, 
tE , due to wind energy stored by pumping; and (ii) the maximum generation capacity of the hydro turbine, hydrop max . 
In (8), pumping is limited by the maximum power of pumping and the power associated with energy stored in the 
upper reservoir. In (7) and (8), pump  and hydro  are respectively the pumping and turbine modes efficiency values. 
449 P. Cruz et al. /  Procedia Technology  17 ( 2014 )  445 – 451 
In (9), the energy balance in the reservoir is computed. At the beginning of the ( t + 1 ) hour, the reservoir energy 
level depends on the energy level in the previous hour as well as the pumped energy and the energy supplied to the 
grid by the hydro turbine. The reservoir energy level is reduced by hydro generation and is reloaded by pumping 
operation. In (10) and (11), the initial, initialE , and final, finalE , energy levels of the reservoir must be satisfied. 
These energy levels are assumed to be known, in order to obtain a consistent planning scheme for the reservoir. In 
(12), the limits of the reservoir energy levels are set. In (13), the energy level has to satisfy the constraint depending 
on two terms: (i) the reservoir energy level; and (ii) the energy generated by the hydro plant. In (14), the energy 
level upper limit has to satisfy the constraint depending on two terms: (i) the reservoir energy level; and (ii) the 
stored energy through by the pump operation of the plant. 
3. Case Study 
The addressed MILP approach has been tested on case studies based on a wind-hydro power system composed 
of eight wind turbines and two cascading river dams with pumping-storage capability. The time horizon considered 
is one day, divided into 24 hourly intervals. The input to the proposed approach includes the day-ahead hourly 
energy price from the Iberian electricity market [7] and the forecasted available wind power. The energy price and 
available wind power are shown in Fig. 2.  
 
                 
Fig. 2. (a) Forecasted energy price; (b) available wind power. 
The cost for the pumping operation assumes in this case study the same value as the electricity price at each 
hour. The computing time is less than 60 seconds on a 1.9-GHz-based processor with 2 GB of RAM using as a 
computing language the VBA for Microsoft Excel platform. This computing time is a very reasonable one within a 
day-ahead decision making framework. The operating data of the wind-hydro power system are shown in Table 1. 
 
 Table 1. Wind–hydro power system data. 
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Two cases are presented in this section, considering different initial energy levels for the upper reservoir.        
The considered cases are as follows: Case 1) The initialE  is constrained to be equal to 50% of maximum energy 
b a 
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stored in the upper reservoir. Case 2) The initialE  is constrained to be equal to 80% of maximum energy stored in the 
upper reservoir. The two cases are analysed with respect to the power producer’s, energy stored in the upper 
reservoir, optimal hourly power output injected into the grid and profit as follows. The profiles of the energy stored 
in the upper reservoir over the 24 hour for both case studies are shown in Fig. 3.  
  
Fig. 3. Energy stored in the upper reservoir for both case studies.  
In Fig. 3, the results for Case 1 show that the pumping operation occurs when the prices are low enough, i.e.,         
for the hourly intervals between [1 , 7] h. For the intervals [8 , 15] h and [18 , 24] h, the generating operation occurs 
in order to maximize the profit. In Case 2, the upper reservoir has an initial energy level greater than in Case 1 then, 
the profit maximization is achieved with hydro production during 22 hours. Because the price is low in hours 4     
and 5 the pumping operation occurs. Hence, the pumped-hydro system with the wind farm an advantageous systems, 
because performs either pumping operation or generation operation achieving maximum profitability, taking into 
account the energy prices profile during the time horizon. The hourly power outputs for Case1 and Case 2 studies 
are respectively shown in Fig. 4.   
         
Fig. 4. Power output: Case 1 (dashed-dot line) and Case 2 (solid line).  
In Fig. 4, a comparison between Case 1 and Case 2, as expected, shows that the wind-hydro power systemtends to 
operate at a high production level when a high initial energy level in the reservoir is available. For a high initial 
energy level, the hydro system operates as a generator and sends the stored energy to the day-ahead market until 
reaching the final value of energy required in the reservoir. Moreover, Fig. 4 shows that the hourly power output to 
the day-ahead electricity market is less during most of low pricing period, just maintaining the lower limits on the 
power to be dispatched. On the other hand, a large amount of energy is supplied to the power pool during high 
pricing period in order to be able to maximize the profit. Hence, the results show that including pumped storage can 
be an effective means of allowing larger penetration of wind energy sources, improving the economic operation and 
avowing the degradation on the compromises assumed with the market or with bilateral contracting.  
a b 
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The power contribution of the wind farm and pumped-hydro system in the day-ahead market is show in Fig. 5. 
 
           
Fig. 5. Power contribution: (a) Case 1; (b) Case 2. 
In Fig. 5, for the wind power data considered is shown that when the upper reservoir starts with a higher level of 
energy stored, the pumping is less required for the same energy prices data. So, should be recommend that the initial 
energy stored in the starting of the time horizon should be kept at a highest value, i.e., the final energy stored should 
be aimed at this value, but nevertheless a higher hierarchical planning problem is advised to make the appropriated 
recommendation. A comparison of the profits shows, as expected, by the last figures, that the profit is higher when 
the initial energy level is higher, the profit for Case 1 and Case 2 are respectively 25357.63 € and 29244.20 €. 
Hence, this paper allowed highlighting the possibilities and the major limitations of using the coordinated operation 
between a pumped-hydro system with a wind farm with the aim of firming their output power production. 
4. Conclusions 
A mixed-integer linear programming approach is addressed for the optimal scheduling and operation of a 
pumped-hydro system with a wind farm. The approach addressed was tested in case studies, which has shown that 
this coordination can be more profitable for a generation company trading in a day-ahead market. The approach 
greatly decreases wind energy curtailments and avoids penalty risks related to energy deviations. 
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